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(Academy of Sciences of the USSR) 

ABS TRACT 

The authors discuss the problems involved in 
creating life-support systems on the basis of re- 
circulation of substances in closed spaces. The three 
stages identified are: a) completely closed cycle, in- 
cluding regeneration of water, purification of the 
atmosphere, and providing man with food; b) partially 
closed cycle, including regeneration of water and the 
atmosphere and obtaining food products of plant origin 
with the existence of an unreplemished supply of food 
products of animal origin; c) open life-support system 
leased on supplies of food but including regeneration 
of water and atmosphere. Mineralization of solid and 
dehydrated waste products is discussed. 

/1* Creating a system for supporting human life on the basis of even -- 
partial recirculation of substances is possible if repeated use is made of 
the chemical elements and simplest compounds entering into the composition 
of the food products required by man. 
liquid excrement, scraps from the kitchen, and the space hothouse, and bio- 
regenerators of the atmosphere must go through a process of mineralization. 
As a result of mineralization and additional physico-chemical correction 
the needed chemical elements can be returned through recirculation of sub- 
stances in forms which are suitable for use by autotrophic and heterotrophic 
organisms. 

For this purpose human solid and 

In principle the link of mineralization can be based on physico- 
chemical and biological methods as well as on an integrated combination of 
them. The impossibility at the present time of giving a definite, comparative 
evaluation to mineralization and selecting a method for performing it dictates 
the need to use several criteria, that is, the completeness of mineralization 
and the extent of change of the chemical and aggregate composition of prod- 
ucts and the coefficient of return and also the weight and the dimensions of 

*Numbers given in the margin indicate the pagination in the original foreign 
text. 
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the equipment 
properties of 

used and the power needed to operate it. 
the initial products which are subjected to mineralization 

The composition and 
, 

determine in large measure the possibility and need to use a particular 
method. 

The methods of thermal and thermocatalytic oxidation can best be used /2 
to mineralize the solid and deyhdrated waste products of man and a biological 
complex. 

The thermal method using temperatures ranging from 700 to 800°C makes it 
possible to mineralize practically all waste products of a biological complex 
and human excrement. This method is technologically simple although the con- 
sumption of energy and oxygen is still high. The end products of thermal 
mineralization are ash and gaseous products containing carbon dioxide, sul- 
furous oxides, etc. The mineral content of the ash is relatively constant 
over a wide range of combustion regimes but its physico-chemical properties 
vary (solubility, specific gravity, etc.). One shortcoming of this method 
is the possibility of formation of molecular nitrogen at certain regimes lead- 
ing as a consequence to disruption of the nitrogen balance in the system. 
This requires additional consumption of power to bind the nitrogen. 
the need to burn completely those products which are not susceptible to 
other methods of mineralization dictates the inclusion of the thermal method 
in one form or another in life-support systems. 
especially important in partially closed systems when the purpose of treat- 
ing the waste products is their elimination or prolonged storage. 

However, 

The use of this method is 

The thermocatalytic method (oxidizing-catalytic) may prove to be one 
of the most promising. 
small amount of energy required and the possibility of getting a solution of 
mineral acids which are needed for dissolving the ash and correcting the 
culture media. Initial temperatures on the order of 2OO0C are needed to 
carry out the process of thermocatalytic oxidation. The process of mineral- 
ization takes place under less intense conditions than is the case with the 
thermal method, forming ash which in physico-chemical properties is more 
convenient for further processing. The difficulty of conducting the 

long-acting, stable catalysts are shortcomings of the thermocatalytic 
method. This method can best be combined with the thermal for use in 
partially closed systems when the main purpose of processing waste products 
isto obtain solutions of mineral ash for correcting the culture media. 

The main advantage of this method is the relatively 

I process under heterogeneous conditions and the complexity of selecting 

For the purpose of mineralizing human liquid excretion, diluted urine- 
fecal matter, and condensate after drying and squeezing out the unused parts 
of plants, the method of oxidation in the liquid phase--"wet burning" (by 
using increased concentrations of oxygen or the introduction of other 
oxidizers)--at increased temperatures and presures may be used. 

The method of "wet burning'' is extreme&y complex and inadequately studied 
although in principle it has many advantages, such as the possibility of 
obtaining a solution of mineral salts directly. 
ucts subjected to mineralization of a large amount of organic substances 
often not of constant composition complicates considerably directing the 

/3  
The presence in waste p r o z  
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process  of mine ra l i za t ion  i n  such a way as t o  o b t a i n  a s o l u t i o n  of a pa r t i cu -  
lar composition. 

Experimental i n v e s t i g a t i o n  on minera l iz ing  by t h e  "wet  burning" method 
showed t h a t  t h e  ex ten t  of mine ra l i za t ion  of u r ine - feca l  and f e c a l  matter 
reaches 90%. However, t h e  remaining un iden t i f i ed  organic  subs tances  are 
exceedingly t o x i c  f o r  p l a n t s  and they must  be  f u r t h e r  processed o r  removed. 

It is p o s s i b l e  t h a t  when human waste products  are oxid ized  us ing  t h i s  
method n o t  only decomposition of i n i t i a l  o rgan ic  substances t akes  p l a c e  b u t  
a l s o  t h e  s y n t h e s i s  of new ones. I n  t h e  vapor-gas phase a f t e r  m i n e r a l i z a t i o n  
traces of hydrogen, s a t u r a t e d  and unsaturated hydrocarbons,  and ammonia are 
de tec ted .  The h igh  p res su re  (up t o  150 atm) and t h e  h igh  temperature  of t h e  
process  (250-275") must a l s o  be l i s t e d  under t h e  t echno log ica l  d i f f i c u l t i e s  
of t h i s  method. 

The method of ' 'we t  burning" can be used f o r  thermohydrolysis of urea  
and f o r  ob ta in ing  ammonia and n i t r i c  acid.  
several fundamental p o s i t i v e  a spec t s ,  has no t  y e t  been mastered and as y e t  
it is  d i f f i c u l t  t o  eva lua te  i t s  p l a c e  i n  t h e  l i f e - suppor t  system of space- 
sh ip .  

On t h e  whole t h e  method, d e s p i t e  

B io log ica l  mine ra l i za t ion  is  another p o s s i b l e  method f o r  use i n  l i f e -  
suppor t  systems. 
products  , t h e  t h e o r e t i c a l  concepts on the t ransformat ion  of subs tances  and 
energy i n  n a t u r e  which came about during t h e  course of evo lu t ion  are appl ied .  

I n  developing b i o l o g i c a l  mine ra l i za t ion  of human metabol ic  

A t  t h e  beginning of t h e  i n v e s t i g a t i o n  an  ae rob ic  process  w a s  s e l e c t e d  
as a r e s u l t  of which minera l ized  media could be  obta ined  ( i n  gas o r  l i q u i d  
form) t o  s a t i s f y  t h e  needs of au to t rophic  and h e t r o t r o p i c  l i n k s .  Gradual 
i n t e n s i f i c a t i o n  of t h e  process  of b i o l o g i c a l  mine ra l i za t ion  w a s  brought  
about by a c e r t a i n  change i n  t h e  technology of t h e  process:  

t h e  t o t a l  number of microbe-mineralizers w a s  increased  i n  t h e  mode 
by us ing  a r egene ra to r  of a c t i v e  ooze; 

t h e  use  of oxygen w a s  increased  by longe r  con tac t  of t h e  mine ra l i z ing  
medium w i t h  t h e  a i r  without  i nc reas ing  t h e  du ra t ion  of a e r a t i o n ;  

h ighe r  temperatures  were used i n  c u l t i v a t i n g  an active ooze. 

It w a s  found t h a t  i n  experiments of long du ra t ion  a concent ra ted  solu-  
t i o n  (1:30) of human ur ine- feca l  exc re t ion  mine ra l i zes  i n  a pe r iod  of 4 hours 
of a e r a t i o n  wi th  r e s p e c t  t o  substances conta in ing  carbon by 85% and sub- 
s t a n c e s  conta in ing  n i t rogen  are transformed by 95% i n t o  n i t r a t e  forms. This 
makes i t  p o s s i b l e  t o  use  t h e  mineral ized s o l u t i o n  d i r e c t l y  i n  prepar ing  cul-  
t u r e  media f o r  au to t rophs .  

I n  mine ra l i za ing  s o l i d  and l i q u i d  human exc re t ion  and p l a n t  waste prod- /4 
u c t s  p a r t  of t h e  subs tances  goes through a vapor-gas s t age .  Its composition 
and q u a n t i t y  f l u c t u a t e  considerably and depend on t h e  composition of i n i t i a l  
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minera l ized  products ,  t h e  methods used i n  mine ra l i z ing ,  and the  modes and 
condi t ions  under which t h e  process  is  conducted. This  accounts i n  l a r g e  
measure f o r  t he  complexity of t h e  problem i n  r e tu rn ing  t o  r e c i r c u l a t i o n  
substances which are i n  a vapor-gas s tage .  

Another b a s i c  process  used t o  process  gaseous organic  substances is  min- 
e r a l i z i n g  them wi th  subsequent s e p a r a t i o n  and recovery.  I n  p r i n c i p l e ,  sep- 
a r a t i o n  and recovery of substances from the vapor-gas s t a g e  are p o s s i b l e  via 
s o r p t i o n  and physico-chemical s epa ra t ion .  A s  a r e s u l t  of t hese  processes  
many compounds are transformed i n t o  a s o l i d  o r  l i q u i d  s t a t e  which s i m p l i f i e s  
r e tu rn ing  them t o  r e c i r c u l a t i o n  of substances i n  t h e  form of c u l t u r e  media. 

The c a t a l y t i c  method is  one of t he  most promising methods of mineral-  
i z i n g  gaseous substances.  It makes it  poss ib le  wi thout  i d e n t i f i c a t i o n  of 
complex organic  compounds t o  ob ta in  higher  oxides  of n i t rogen  and s u l f u r ,  
carbon d ioxide ,  and w a t e r .  

Research i n t o  t h e  mine ra l i za t ion  of s o l i d  and l i q u i d  human exc re t ion  
has  demonstrated t h a t  i n  processing the  amount of exc re t ion  produced i n  a 
day, depending on t h e  method used, t he re  i s  transformed t o  t h e  vapor-gas 
phase up t o :  3 . U . O  g of molecular n i t rogen ,  0 .5  g of hydrogen, 3.0 g 
of carbon monoxide, 7.0 g of ammonia, and  5 .0  g of s a t u r a t e d  and unsa tura t -  
ed hydrocarbons. I n  t h i s  process  up t o  122 g of carbon d ioxide  is  formed 
and up t o  60 g of oxygen i s  consumed. Minera l iza t ion  and p u r i f i c a t i o n  of 
vapor-gas mixtures  must be s u f f i c i e n t l y  complete i n  o rde r  t h a t  t h e  ind ica t ed  
mixture  going t o  the  au to t roph ic  l i n k  conta in  only n i t rogen ,  oxygen, and carbon 
d ioxide .  

A comparison of several systems f o r  m i n e r a l i z a t i o n  of vapor-gas mixtures  
showed t h a t  t h e  fol lowing sequence of s t e p s  is  h igh ly  advisable .  A t  f i r s t  
n i t r o g e n  and s u l f u r  compounds are separa ted  i n  the  form of corresponding 
a c i d s  from t h e  t o t a l  mixture  of gaseous products .  Fu r the r ,  during the  cat- 
a l y t i c  ox ida t ion  carbon monoxide, hydrogen, and hydrocarbons are transformed 
i n t o  carbon d ioxide  and water. 

Performing t h e  mine ra l i za t ion  of s o l i d  and l i q u i d  human e x c r e t i o n  and 
p l a n t  w a s t e  products  i s  connected i n  the c l o s e s t  p o s s i b l e  way wi th  t h e  pro- 
cesses of regenera t ion ,  condi t ion ing ,  and s t o r i n g  the  water e x t r a c t e d  from 
products  which con ta in  moisture ,  t h a t  is, a condensate of atmospheric mois ture  
and t r a n s p i r e d  w a t e r .  Although quest ions of r egene ra t ing  water c o n s t i t u t e !  
one of t h e  a spec t s  of t h e  problem of  r e c i r c u l a t i o n  of substances i n  s m a l l ,  
c losed  spaces ,  a t  the  p re sen t  t i m e  they are being answered wi th  r e s p e c t  t o  
d e f i n i t e ,  c losed  l i f e - suppor t  systems and t h e r e f o r e  t h e  degree of t h e i r  
exper imenta l  and t echno log ica l  treatment i s  much h igher .  

It is  h igh ly  adv i sab le  t o  use a water supply l i n k  based on regenera t ion  
of w a t e r  from metabol ic  products  containing mois ture  on f l i g h t s  l a s t i n g  /5 
15-20 days . Calcula t ions  have shown t h a t  on a f l i g h t  l a s t i n g  one day 
o r  one week t h e  requi red  water supply remains r e l a t i v e l y  s m a l l  and f o r  a crew 
of t h r e e  i t  comes t o  16.5 and 115.5 kg, r e s p e c t i v e l y .  But f o r  a f l i g h t  last- 
i n g  30 days t h e  amount of water needed reaches 495 kg. The weight of a u n i t  t o  
r e g e n e r a t e  w a t e r  may f l u c t u a t e  only wi th in  t h e  l i m i t s  of 20-50 kg r e g a r d l e s s  
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of t h e  dura t ion  of f l i g h t .  This  i s  one of t h e  f a c t o r s  r equ i r ing  t h a t  exten- 
s i v e  i n v e s t i g a t i o n  be made i n t o  developing a l i n k  f o r  regenera t ing  water from 
human metabol ic  products  conta in ing  moisture and a b i o l o g i c a l  complex. 

The most r e a l i s t i c  average d a i l y  need f o r  water of one man i s  4 l i ters.  
Included i n  t h i s  amount i s  1200 m l  of dr inking water, 1000 m l  f o r  t he  pre- 
p a r a t i o n  of food ( inc luding  n a t u r a l  j u i c e s ) ,  and 1800 m l  f o r  s an i t a ry -  
hygienic  needs (during f l i g h t s  of average du ra t ion ) .  Understandably, t h e  
p ropor t ion  of water which goes i n t o  food or  i s  intended f o r  dr inking w i l l  
vary  depending on the  food r a t i o n .  I f  the food c o n s i s t s  of dehydrated prcd- 
u c t s  t h e  amount of water set a s i d e  f o r  dr inking purposes must be  increased  
correspondingly.  

The sources  from which the  supply of water can be increased  are t h e  con- 
densa te  from atmospheric moisture ,  u r ine ,  water used f o r  washing, and i n  case 
of the  presence on board of p l a n t s ,  t r ansp i r ed  water from the  h igher  p l a n t s  
and fugaceous p a r t s  of u n i c e l l u l a r  a lgae.  
t h i s  way w i l l  be s u f f i c i e n t  t o  provide a crew with w a t e r  f u r  dr inking  purposes ,  
t h e  p repa ra t ion  of food, sani tary-hygienic  needs,  and a l s o  f o r  prepar ing  
minera l  c u l t u r e  media. 

The amount of water obtained i n  

Methods have been worked ou t  t o  regenera te  water from human metabol ic  
products .  The most promising of them are:  ox id i z ing -ca t a ly t i c ,  vacuum dis -  
t i l l a t i o n ,  and l y o p h i l i z a t i o n  (molecular dry ing) .  The l a s t  method i s  of va lue  
i n  the  event  a vacuum i s  used i n  the  low temperatures  of o u t e r  space.  
I n v e s t i g a t i o n  i n t o  pu r i fy ing  water wi th  the  h e l p  of s e v e r a l  so rben t s ,  includ-  
i n g  an i o n  exchanger,  with a prel iminary o x i d i a t i o n  of organic  substances and 
a l s o  wi th  t h e  use of semipermeable membranes have given good r e s u l t s .  It is  
a l s o  p o s s i b l e  t o  use e lec t rochemica l  methods, ozonia t ion ,  u l t rasound,  and 
i r r a d i a t i o n  t o  regenera te  water from waste products  conta in ing  water. 

The t a b l e  p re sen t s  some information on t h e  sani tary-chemical  p r o p e r t i e s  
of water regenerated using the  methods of l y o p h i l i z a t i o n ,  vacuum d i s t i l l a t i o n ,  
and c a t a l y t i c  ox ida t ion .  
cases r equ i r e s  a d d i t i o n a l  sorbent  p u r i f i c a t i o n .  I n  tes ts  using humans and 
animals chemical,  b a c t e r i o l o g i c a l ,  t ox ico log ica l ,  and c l inco-phys io logica l  
e v a l u a t i o n s  of regenerated water were performed. 

It fol lows from these  d a t a  t h a t  water i n  many 

In  s o l v i n g  the  problems involved in  c r e a t i n g  l i f e - suppor t  systems on 
t h e  b a s i s  of r e c i r c u l a t i o n  of substances i n  d o s e d  spaces  i t  i s  p o s s i b l e  t o  
i d e n t i f y  several s t a g e s  i n  a step-by-step review of the  problem: 

completely c losed  cyc le  inc luding  regenera t ion  of water, p u r i f i c a t i o n  
of t h e  atmosphere t o  necessary  condi t ions ,  and, what i s  most important ,  
p rov id ing  man wi th  food products  (optimal t a sk )  ; 

p a r t i a l l y  c losed  cyc le  inc luding  regenera t ion  of water and t h e  atmosphere 
and ob ta in ing  food products  of p l a n t  o r i g i n  with t h e  ex i s t ence  of unreplenish-  
a b l e  supply of food products  of animal o r i g i n  ( t h i s  problem must be so lved  i n  
t h e  very  nea r  f u t u r e ) ;  
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Table 

Chemical Composition of Water 
Regenerated from Urine Using Various 

Physicochemical Methods 

Quant i ty  of substance a f t e r  regenera- 
t i o n  of u r ine  using t h e  method of :  llowab l e  

aximum 

a l u e  of 

Chemical composition 
of water 

Organic n i t r o g e n  0 
Nitrogen of ammonia 0.2 
Nitrogen of n i t r i t e s  0 .01  
Nitrogen of n i t r a t e s  0.12 
O x i d i z a b i l i t y  of O 2  i n  mg/l 

Ch l o r  i d e  s 2.0-3.0 

S u l f a t e s  trace 
Phosphates 0.01 
Calcium trace 
Magnesium 0 
Overall hardness  i n  mg 'equiv / l  0 
Transparency i n  cm 25. 
Chromatici ty  i n  degrees  10  
Odor i n  p o i n t s  0 
r N  of medium 6-7 
Urea 0 
U r i c  a c i d  0 
Crea t ine  0 

1 .5  

6 
2.8 
0.01 
0.1 
2.9 

7 . 1  
t r  
0.02 
t r  
t r  
0 
30 

0 
6 
0 
0 
0 

- 

2 
9 
0 .1  
0.01 
9 .1  

20.3 

0 
0 
0 
0 

25 
10 

2 
6 
0 
0 
0 

- 

0 
1 
0.01 

2- 40 
2- 6 

200 

20-80 
0.1 

- 
7 

30 
20 

2 
6; 5-8 

- 

open l i f e - suppor t  system based on supp l i e s  of food bu t  inc luding  re- 
gene ra t ion  of water and atmosphere ( t h e  problems of today) .  

- 17 

a l l  l i f e - s u p p o r t  system, i n  our  opinion, is  a b a s i c  s t a g e  where t h e  main flow 
of human metabol ic  products  and t h e  b i o l o g i c a l  complex converges and c loses .  
It i s  i n  j u s t  t h i s  l i n k  t h a t  t he  new cycle of r e t u r n  of b iogenic  elements i n  
t h e  form of c u l t u r e  media and carbon dioxide r e t u r n  t o  the  au to t roph ic  l i n k .  

The l i n k  of mine ra l i za t ion  and physicochemical c o r r e c t i o n  i n  the  over- 

I n  t h e  absence of he t e ro t rophs ,  the l i f e - suppor t  system w i l l  accumulate 
a c e r t a i n  amount of unused substances,  t h e  t o t a l  q u a n t i t y  of which should 
n o t  exceed the  food s u p p l i e s  being consumed. 

I n  t h e  absence of he te ro t rophs  i n  the  l i f e - suppor t  system t h e  problem 
of m i n e r a l i z a t i o n  is  reduced t o  processing and preserv ing  waste products  o r  
e l i m i n a t i n g  them. 
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The design of t he  l i n k  f o r  mine ra l i za t ion ,  t he  f u n c t i o n a l  i n t e r l i n k a g e ,  

and t h e  interdependence of methods and u n i t s  must be determined by t h e  need 
f o r  m a x i m u m  output  of elements and t h e  s i m p l e s t  compounds f o r  providing 
minera l  n u t r i t i o n  f o r  autotrophs with a minimum of power consumed, weight ,  
dimensions, e tc . ,  and with a high degree of r e l i a b i l i t y  and c o n t r o l l a b i l i t y .  

Trans la ted  f o r  Nat ional  Aeronautics and Space  Adminis t ra t ion by 
INTERNATIONAL INFORMATION INCORPORATED. 
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